Transformers are very expensive apparatuses and are vital to make the whole power system run normally. The failures in such apparatuses could leave them out of service, causing severe economic losses. The life of a transformer can be effectively determined by the life of the insulating paper. In the present work, we show an alternative diagnostic technique to determine the ageing condition of transformer paper by the use of FTIR spectroscopy and an empirical model. This method has the advantage of using a microsample that could be extracted from the transformer on-site. The proposed technique offers an approximation quantitative evaluation of the degree of polymerization of dielectric papers and could be used for transformer diagnosis and remaining life estimation.
Introduction
Currently, the lifetime of the power transformer is defined by the life of the winding insulating paper. Many international efforts have been made to evaluate the condition and remaining life of the paper using indirect measurements as the analysis of furaldehydes dissolved in the oil. There are some other laboratory techniques that are more accurate, such as mechanical or physicochemical testing of the insulating paper, which require obtaining a piece of sample to determine the ageing.
The degree of ageing is defined by the value of the degree of polymerization (DP) of the insulating paper, and it represents the polymer chain length of the cellulose. The DP decreases with degradation; a new insulating paper may have a degree of polymerization of 1000 or more, while a paper at the end of its life in a transformer reaches values as low as 200. This effect is promoted by mechanical and thermal stresses or by chemical degradation with different compounds present in the transformer oil and is irreversible, where the most important degradation mechanism is by acid hydrolysis. Thus, the life of a transformer can be effectively determined by the life of insulating paper [1] in order to prevent failure and prolong the useful life. Traditionally, furanic derivatives in oil have been correlated with the degree of polymerization of the paper, which has led to the establishment of transformer diagnosis based on dissolved gas analysis (DGA) in oil. An increase in the concentration of furan corresponds to the decrease of the tensile strength and the DP of the paper. The DP value obtained by this method tends to overestimate the remaining life of the transformer. This is because the 2-furfural (2FAL) concentration that is obtained from the insulating oil is the average of all ageing rates, at various winding block positions, and is not a value from the hot spot or from the most aged spot. The degree of inaccuracy will also depend mostly on the external factors On the other hand, the viscometric test method ASTM D4243 used to measure the average degree of polymerization of insulation paper is a direct method to evaluate the deterioration level in power transformers. However, using this method is complicated and expensive due to the necessity of disassembling the transformer to get paper samples, which is made at the end of the transformer life, or after a failure.
An alternative diagnostic technique to determine the ageing condition of oil-paper insulation system could be by spectroscopy evaluation of the paper. Baird and coworkers [2] studied the water and oil content of insulating paper by UV-Vis spectroscopic and gravimetric water adsorption measurements. They demonstrated the use of a portable wide-wavelength spectrometer and multivariate statistical analysis to accurately measure nondestructively the water and oil content and DP estimation of insulating paper on the exposed windings of detanked transformers.
Arshad and Islam [3] analyzed the UV spectrum of the oil, qualitatively and quantitatively, with respect to the contamination present in it and interpreted dielectric response of insulation system. They found that the technique may prove to be an alternative to oil conductivity assessment. It also dictates the insulation system condition due to normal as well as accelerated deterioration/ageing.
In another study, Abu-Siada et al. [4] estimated the remaining life of a power transformer using UV-Vis spectroscopy and novel fuzzy logic approach. Results showed that there is a good correlation between oil spectral response and its furan contents; consequently, correlation between transformer ageing and UV trend can be easily established.
dos Santos and coworkers [5] developed a simple alternative method based on NIR spectroscopy combined with partial least squares regression to determine the degree of polymerization (DP) in transformer insulating papers.
Martins and coworkers [6] proposed an innovative approach to date fiber-based gelatin silver prints using nearinfrared spectroscopy (NIR) and multivariate analysis.
Rodriguez-Celis et al. [7] studied the insulating paper by analysis of the chemical markers of cellulose degradation dissolved in oil. Methanol, a marker that is intimately linked to the rupturing of 1,4--glycosidic bonds of cellulose, has been observed together with ethanol during laboratory ageing experiments. In this work, thermal degradation by pyrolysis was coupled with gas chromatography/mass spectrometry to assess the volatile byproducts generated at high temperatures with emphasis on methanol/ethanol generation.
Recently, Somekawa and coworkers [8] studied the concentration of furfural in transformer oils as an indicator for decomposition of insulating paper, using laser Raman spectroscopy. Furfural was characterized by Raman signal at ∼1707 cm −1 , where no spectral interferences caused by oil-derived Raman signals occur. The results show that laser Raman spectroscopy is a useful alternative method for transformer health diagnosis.
In the present paper, an alternative technique is used to estimate the degree polymerization of microsamples of insulating paper (2 mg weight approx.) by FTIR spectra. This technique allows us to obtain the characteristic spectrum of paper, on which changes associated with ageing were used to obtain an empirical model based on its peak intensities to obtain the DP of dielectric paper. By this way, the proposed technique offers a quantitative analysis of ageing condition of insulating papers that can be used for transformer diagnosis and remaining life estimation.
Materials and Methods
A series of accelerated ageing tests were performed on thermally upgraded paper strips of cut from (A) Electrical Grade Creped Kraft Paper (Dennison), (B) Hemp/Kraft Paper "Insuldur" (Manning), and (C) Internally Creped Kraft Paper (Cottrell). Accelerated ageing processes as well as type of kraft paper used in each one are shown in Table 1 .
Fourier transform infrared (FTIR) spectrometer Equinox 55 from Bruker Corporation using the transmission cell was employed to determine changes in the structure of the aged kraft paper.
Sample preparation of dielectric paper aged in oil involves degreasing with benzene and solvent evaporation in air at room temperature. 1 g of dry paper samples free of oil was cut into small pieces 1-2 mm 2 with scissors and milled using a cutting mill with a sieve insert of mesh 60. Milled paper was kept in controlled humidity atmosphere before evaluation.
For measuring the degree of polymerization by the viscometric method, 25 mg of milled paper sample was put in a narrow-necked 150 mL Erlenmeyer flask and 22.5 mL of distilled water was added. The solution was shaken by hand to disintegrate and wet all the paper completely. Then, 22.5 mL of 1 M solution of cupriethylenediamine was added, and the paper sample was magnetically stirred for at least 3 hours until the paper was completely dissolved. The solution so obtained was allowed to stand for 1 hr at 20 ∘ C ± 0.1 ∘ C. Thereafter, the solution was transferred to the Ostwald viscometer reservoir for measuring. For each sample, three evaluations are made and DP calculation was done according to ASTM D4243-99 (2004) .
For FTIR evaluations, a quantity of 1-2 mg of milled paper is weighed and mixed with 98 mg of dry potassium bromide (KBr). The mixture is pressed at 6-8 tons for 15 minutes so as to obtain a transparent disc which is set for evaluation in the transmission cell of FTIR spectrometer. Figure 1 shows the FTIR spectra of Dennison 22HCC samples aged in oxygen saturated mineral oil at 130 ∘ C for different ageing times. Here, the cellulose molecule can be identified by the bands in 2901-3417 cm −1 due to C-H and O-H stretching vibrations; peaks in 1429 cm −1 and 1372 cm −1 corresponding to CH 2 symmetric bending and CH bending, respectively; and bands in 1000-1200 cm −1 due to C-C stretching and C-OH deformation vibrations.
Results and Discussion
Absorption peaks in 2195 and 2154 cm −1 have been identified as stretching of the C≡N group and peaks in 1644 and 1556 cm −1 as NH 2 and NH bending. This suggests the presence of a nitrogen-based compound like dicyandiamide H 2 NC(=NH)(NHCN), commonly used to make dielectric paper thermally upgraded [9] . This compound is linked to the cellulose molecule according to Figure 2 . In Figure 1 , we can observe that the well-defined absorption bands at 1556 cm −1 and 1644 cm −1 become broader as the paper ages. Also, the coupled bands between 2154 and 2195 cm −1 have lower intensity with ageing time, because as the cellulose paper degrades the glycosidic rings are broken and gradually lose glucose molecules linked with two molecules of dicyandiamide. As we mentioned above, these absorption peaks correspond to C≡N nitrile group of the dicyandiamide. Taking advantage of this spectroscopy phenomenon, we correlated intensity of nitrile absorption peaks to the degree of polymerization (DP) of the kraft paper by the relation of areas :
where 1 and 2 correspond to the areas under the curve for -CH 2 -and C≡N absorption peaks, respectively, as is shown in Figure 3 . The value of relates the area of the nitrile group peak, 2 , to the area of -CH 2 -group, 1 , which does not change as the DP of the paper changes, as it is shown in Figures 1 and 3 . This is important because peaks intensity of the whole FTIR spectrum could change depending on sample preparation.
The value of is normalized according to
where is the value of at ageing time and 0 is the value of at = 0. By this way, we get a series of data relating DP and normalized peak intensity as it is shown in Figure 4 . Here, we include the data obtained by different experiments mentioned in Table 1 ; all DP measurements were made by the viscometric method. As can be seen, DP decreases asymptotically as increases and can be fitted according to the following equation: 
where DP 0 is the degree of polymerization of the new paper, or the value of the paper when the transformer begins operation. Lines in red in Figure 4 correspond to fitted data according to (3) using DP 0 values in the range of 800 and 1100. It is expected that a new paper with higher DP 0 value will show higher value due to higher peak intensity of the C≡N nitrile group. This empirical model has only two variables: the first one depends on the nitrile intensity peaks of the corresponding FTIR spectra of the paper and the other one corresponds to the degree of polymerization of the paper at the beginning of operation of the transformer, DP 0 . A value of 1000 for DP 0 can be used when there is no sample of the new paper, or when it is not known.
Because the ageing of the paper is measured by the degree of polymerization independently of the way in which it has been aged, (3) can be applied not only to evaluate DP for dielectric paper to be used in a new transformer winding, but also to follow up the performance of the paper during operation. This method has the advantage of using an amount of approximately 2 mg of paper sample. FTIR technique has also the advantage that it is a fast evaluation technique and does not require a complicated sample preparation.
In order to validate (3), a series of DP measurements on different points of a transformer coil were made. Figure 5 shows two lines where samples of paper were taken on external point A and internal point B.
DP of the samples taken from the transformer coil was evaluated by viscometric method and compared with DP values obtained by (3) using FTIR spectra. Figures 6 and 7 show the DP values for paper samples along points A and B, respectively. The -axis corresponds to the winding number where a sample was taken along each point of the coil.
According to DP measurements, we can observe that FTIR evaluations are close to the viscometric results, which validates the method proposed. Thus, this new procedure can be used to identify ageing condition of insulating paper by the degree of polymerization measurements using infrared spectroscopy. Furthermore, it has the advantage of using a very small sample and its evaluation by FTIR is quite easy. By this way, this new method can be used to follow up ageing of power transformers and power reactors and perform diagnostics of the equipment because it is well known that the lifetime of the equipment is defined by the life of the insulating paper.
Conclusion
A new method for evaluating ageing condition of insulating paper has been developed. Infrared spectroscopy has been used to measure the degree of polymerization correlating the absorption peaks of nitrogen-based compounds impregnated to the cellulose molecules. Data were fitted by an empirical model and were validated by a series of measurements comparing viscometric results with FTIR evaluations. The proposed technique offers an approximation quantitative evaluation of the degree of polymerization of dielectric papers and could be used for transformer diagnosis and remaining life estimation.
